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ABSTRACT
Uranium based binary and ternary alloy fuel is a possible candidate for advanced fast spectrum reactors with long refueling intervals and reduced liner heat rating [1] . An important metal fuel issue that can impact the fuel performance is the fuel-cladding gap closure, and fuel axial growth. The dimensional change in the fuel during irradiation is due to a superposition of the thermal expansion of the fuel due to heating, volumetric changes due to possible phase transformations that occur during heating and the swelling due to fission gas retention. The volumetric changes due to phase transformation depend both on the thermodynamics of the alloy system and the kinetics of phase change reactions that occur at the operating temperature. The nucleation and growth of fission gas bubbles that contributes to fuel swelling is also influenced by the local fuel chemistry and the microstructure. Once the fuel expands and contacts the clad, expansion in the radial direction is constrained by the clad, and the overall deformation of the fuel clad assembly depends upon the dynamics of the contact problem. The neutronics portion of the problem is also inherently coupled with microstructural evolution in terms of constituent redistribution and phase transformation. Because of the complex nature of the problem, a series of test problems have been defined with increasing complexity with the objective of capturing the fuel-clad interaction in complex fuels subjected to a wide range of irradiation and temperature conditions.The abstract, if short, is inserted here before the introduction section. If the abstract is long, it should be inserted with the front material and page numbered as such, then this page would begin with the introduction section.
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RELATED TEST PROBLEMS
None.
GEOMETRY
The metal fuel is in the form of cylindrical slugs, 0.521 cm in radius and roughly 25 cm long that are stacked vertically to form a total length of 250 cm. The fuel clad is alloy HT-9 and the initial gap between fuel and clad is 0.069 cm. The fuel pin has an outer diameter of 0.7 cm, with a clad layer thickness of 0.11 cm. The details of the fuel geometry and axial power factors are shown in Table 1 in the appendix. The bottom of the fuel is constrained and the slugs are free to expand along the axis and along the radius until the fuel-clad gap closure occurs. The gap between the fuel slugs and the clad is filled with liquid sodium that can be squeezed into the plenum when the fuel expands in the radial direction. The clad is cooled using liquid, flowing sodium with an inlet temperature of 355C. The calculated coolant temperatures and heat transfer coefficients at various axial locations shown in Figures 1 and 2 in Appendix 1 will be used in the finite element calculations.
PHYSICS
The objective of the test problem is to compute the axial and radial expansion of the fuel given the power density in the fuel elements, the burn-up and the total operating time, so that the time at which the fuel-clad gap closes at various axial positions can be predicted. The physics tested includes heat transfer in the presence of internal heat sources in the fuel, coupled thermo-mechanical and fission gas induced strain in the fuel and clad, and fuel-clad contact dynamics. The initial conditions include the coolant temperature, power density distribution, and burn-up distribution within the fuel slugs. Boundary conditions include constraint of axial displacement along the bottom surface with full constraint for the central node on the bottom surface while all other external surfaces are constraintfree. When fuel expands radially and contacts the clad, sticking friction between the two surfaces is assumed. This is the simplest version of the suite of problems with the following assumptions: Isotropic volume expansion, expansion due to swelling superimposed on thermal expansion without consideration of stress redistribution, isotropic constitutive response for fuel and clad, constant coolant temperature, no phase change in fuel. The fuel modeled is U-10%Zr. The constituent redistribution is neglected and the neutronics is specified simply through power factors that remain constant throughout the run at a given axial position.
DATA REQUIREMENTS (INPUT)
Initial geometry, material properties (thermal expansion coefficient, elastic moduli, Poisson's ratio, heat capacity, density, thermal conductivity) and irradiation parameters including axial power factors and peak burnup. The material properties and process parameters are listed in Appendix 1.
MESH REQUIREMENTS
Tetrahedral and brick elements.
EXPECTED RESULTS (OUTPUT)
1. Radial and axial temperature distribution in the fuel elements 2. Fuel-clad gap closure as a function of operation time 3. Fuel axial growth as a function of operation time The results will be compared against data for U-10%Zr fuel computed by Kim et al [1] . Results will also be compared with those obtained using the commercial finite element code ABAQUS, which can be used to perform thermal and mechanical analysis (including contact). The analysis using ABAQUS will be performed by assuming a 2-D axi-symmetric geometry for the fuel pin, and will require specification of the fuel swelling through a user-defined subroutine that is typically used to prescribe thermal expansion. Unlike the results of Kim et al. [1] , which were computed by considering the fuel to be made of 10 sections in the axial direction that behave independently, the ABAQUS model will consider the entire fuel geometry as a single unit, and will therefore provide a more realistic basis for comparison with the 3-D model. In addition, different contact conditions ranging from sliding to sticking friction can be modeled, and will be used to assess the effect of different friction values on the axial growth of the fuel rod. The results obtained to-date are shown in Appendix 2.
APPENDIX A. Axial location from bottom (z/L)
MATERIAL PROPERTIES AND OPERATING PARAMETERS APPENDIX A. MATERIAL PROPERTIES AND OPERATING PARAMETERS
Step 1 0 -6.3 (year)
Step 2 6.3 -22 (year)
Step 3 
RESULTS
Results from ABAQUS modeling:
The commercial finite element code ABAQUS was used to simulate the test problem for the U-Zr fuel. Due to the isotropic nature of the fuel behavior, 2-D axi-symmetric elements were used to discretize the fuel cross-section containing the radial and axial directions. The thermal and mechanical analyses were performed sequentially, with the temperature distribution from the thermal analysis forming an input to the subsequent mechanical analysis. The thermal analysis was performed assuming the gap between the fuel pin and the clad to be filled with liquid sodium. Temperature dependent properties for the U-Zr fuel, HT-9 clad and liquid sodium (listed in Appendix 1) were used in the analysis. The heat transfer coefficient and coolant temperature at the outer surface of the clad (Appendix 1) were specified through a user subroutine to account for the non-uniform values that varied with axial position. In addition, the variation in the axial power distribution, which affects the heat generation, was also specified through a user subroutine. The thermal analysis was used to compute the temperature field in the fuel and clad under steady state operating conditions. Figure 1 shows the temperature variation with normalized height along the axial direction at the fuel center and fuel surface for case 2. The temperature difference between the center and surface is higher near the middle, where the axial power factors are the highest, compared to the top or bottom sections of the fuel rod. The temperature field was used in the mechanical analysis to determine the volume change due to thermal expansion. For the mechanical analysis, the space between the fuel and the clad was treated as being empty. Fuel swelling was modeled by adding a term similar to thermal expansion in a user subroutine based on burnup, which was treated as a state variable. The burnup was assumed to increase at a constant rate with time, and the axial power factors were used to compute the total burnup at a given height. The overall expansion was therefore computed by adding the contributions from thermal expansion and fuel swelling (at a rate of 6% per at% burnup [1] ). Figure 2 shows the time to close the gap between the fuel and the clad at different axial positions for case 2. Gap closure occurs earlier for positions near the center of the fuel, since the power factors here are the highest. One the fuel rod makes contact with the clad, sticking friction condition was assumed between the contacting surfaces. It was also assumed that the clad material does not undergo any deformation and behaves as a rigid body [1] . Based on these assumptions, the free expansion of the fuel rod is constrained once it makes contact with the clad, with further expansion limited to the portion of the fuel rod above the closed gap.
Based on the axial power factors for the two cases given in ref. [1] , the axial growth of the fuel rod was computed as a function of time, as shown in Figure 3 . The initial portion of the curve with constant slope shows the axial growth before any contact with the clad. Gap closure occurs slightly earlier for case 1 compared to case 2. Once the gap has closed, axial growth is limited to the section of the fuel above the closed gap, leading the slower axial growth. After 30 years of operation, case 1 leads to a slightly higher axial growth compared to case 2. 
Results from ADVENTURE modeling:
The temperature profile in the fuel slug shows the variation from surface to center and exhibits a good agreement between simulated and analytical values, as shown in Figure 4 . Figure 5 shows the simulation of fuel swelling. The gap between the fuel (blue) and the clad (green) is filled with liquid sodium (red) that gets pushed up into the plenum as the fuel expands. Ultimately, the fuel-clad gap closes when all the sodium in the gap is pushed up. Figure 6 shows the simulated values for the time for complete closure of the fuel-pellet gap and the comparison with analytical values. 
